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ABSTRACT
Recent observations have revealed a gallery of substructures in the dust component
of nearby protoplanetary discs, including rings, gaps, spiral arms, and lopsided con-
centrations. One interpretation of these substructures is the existence of embedded
planets. Not until recently, however, most of the modelling effort to interpret these
observations ignored the dust back reaction to the gas. In this work, we conduct local-
shearing-sheet simulations for an isothermal, inviscid, non-self-gravitating, razor-thin
dusty disc with a planet on a fixed circular orbit. We systematically examine the pa-
rameter space spanned by planet mass (0.1Mth ≤ Mp ≤ 1Mth, where Mth is the thermal
mass), dimensionless stopping time (10−3 ≤ τs ≤ 1), and solid abundance (0 < Z ≤ 1).
We find that when the dust particles are tightly coupled to the gas (τs < 0.1), the spiral
arms are less open and the gap driven by the planet becomes deeper with increasing
Z, consistent with a reduced speed of sound in the approximation of a single dust-gas
mixture. By contrast, when the dust particles are marginally coupled (0.1 . τs . 1),
the spiral structure is insensitive to Z and the gap structure in the gas can become
significantly skewed and unidentifiable. When the latter occurs, the pressure maxi-
mum radially outside of the planet is weakened or even extinguished, and hence dust
filtration by a low-mass (Mp < Mth) planet could be reduced or eliminated. Finally,
we find that the gap edges where the dust particles are accumulated as well as the
lopsided large-scale vortices driven by a massive planet, if any, are unstable, and they
are broken into numerous small-scale dust-gas vortices.
Key words: hydrodynamics – instabilities – methods: numerical – planet–disc inter-
actions – protoplanetary discs
1 INTRODUCTION
In the past decade, high-resolution observations of nearby
protoplanetary discs have revealed a gallery of substruc-
tures in the distribution of dust particles. Observing the
scattered polarised light at the near infrared, the Strategic
Explorations of Exoplanets and Disks with Subaru (SEEDS;
Tamura 2016) survey collected an array of protoplanetary
discs at a resolution of ∼10 au, demonstrating morphologi-
cally diverse substructures like spiral arms, rings, and gaps.
Similar diversity in protoplanetary discs have also been
found and categorised with the Very Large Telescope (VLT;
Garufi et al. 2017, 2018). Using the Atacama Large Mil-
limeter/submillimeter Array (ALMA), van der Marel et al.
(2013) detected a large-scale, lopsided concentration of dust
particles in the disc around Oph IRS 48, and ALMA Partner-
ship et al. (2015) showed that the dust distribution around
? E-mail: ccyang@unlv.edu
HL Tauri is almost perfectly axisymmetric, consisting of con-
centric rings and gaps. Recently, the ALMA large program
“Disk Substructures at High Angular Resolution Project”
(DSHARP; Andrews et al. 2018) published a homogeneous
sample of 20 bright targets at a resolution of .5 au and found
that almost all discs show axisymmetric substructures in
their dust distribution. A similar result using ALMA was
also found by Long et al. (2018) in their sample of 12 re-
solved discs in the Taurus star-forming region.
A popular interpretation of the diverse substructures in
the dust component of the observed protoplanetary discs is
the existence of embedded young planets. For example, the
axisymmetric rings and gaps in the HL Tauri disc can be
explained with three planets of sub-Jovian masses (Dipierro
et al. 2015; Dong, Zhu & Whitney 2015a). Moreover, the
five dust rings around AS 209 observed by DSHARP can
even be explained by one single planet (Zhang et al. 2018),
a serendipitous case in which the relative locations and den-
sity contrasts match those of multiple dust rings that are
© 2019 The Authors
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simultaneously induced by one low-mass planet in a disc
with low viscosity (Zhu et al. 2014; Bae, Zhu & Hartmann
2017; Dong et al. 2017, 2018b). The two-arm spirals as well
as several other features observed in the discs of MWC 758
and SAO 206462 (HD 135344B) can be driven by a plane-
tary companion (Dong et al. 2015b; Bae, Zhu & Hartmann
2016; Dong et al., 2018a). Finally, large-scale vortices can
be generated near the gap edges driven by a massive planet
and entrain dust materials, leading to a lopsided structure
around the star (e.g., Lyra et al. 2009), as in the observed
disc of Oph IRS 48 (see also the case of HD 142527; Casassus
et al. 2013).
However, most of the modelling efforts to account for
the observed substructures in nearby protoplanetary discs
so far ignored the dust back reaction to the gas drag. Mean-
while, it has become clear that this dust back reaction plays
an active role in the dust-gas dynamics. For instance, Kana-
gawa et al. (2018) showed that a dust ring accumulated near
the outer edge of a gap driven by a planet can be signifi-
cantly broadened when both the dust back reaction and the
dust diffusion are appreciable (see also Gonzalez, Laibe &
Maddison 2017). By contrast, Dr ↪az˙kowska et al. (2019) did
not find such a broadening of dust ring with a full size dis-
tribution and evolution of dust materials. Moreover, both
Castrejon et al. (2019) and Pierens, Lin & Raymond (2019)
demonstrated that the dust back reaction can make a gap
edge subject to the Rossby wave instability (Lovelace et al.
1999), leading to dust-gas vortices. Therefore, further stud-
ies of the dust back reaction in the context of planet–disc
interaction and its observational signatures seem warranted.
In this work, we focus our attention on the morphologi-
cal signatures of the dust back reaction in both the gas and
the dust components of a protoplanetary disc under the in-
fluence of an embedded planet on a fixed orbit, assuming
the inviscid limit. We conduct numerical simulations in 2D
and systematically examine the parameter space spanned
by the planet mass, the stopping time (or equivalently the
size of the dust particles), and the abundance of the solids
(or equivalently the strength of the back reaction), as de-
scribed in Section 2. In Section 3, we summarise the models
in the limit of no dust back reaction as a baseline for com-
parison purposes. We separate our discussion of the results
with dust back reaction by models with tightly coupled dust
particles in Section 4.1 and those with marginally coupled
dust particles in Section 4.2. In Section 5, we briefly discuss
the implications of our models for observations. Finally, we
conclude in Section 6 with a summary of the effects we have
observed in our models and some caveats.
2 METHODOLOGY
We consider an isothermal, inviscid, razor-thin, non-self-
gravitating circumstellar disc and adopt the classical local-
shearing-sheet approximation (Goldreich & Lynden-Bell
1965). The disc is mapped by a non-inertial polar coordi-
nate system (r, θ) with its origin at the central star of mass
M?. The system rotates around the star with the Keplerian
angular frequency ΩK at a certain radial distance r = r0 to
the star. Focusing on only a patch of the coordinate system
centred at (r0, θ0), where θ0 is an arbitrary reference polar
angle, a local shearing sheet defines a pair of new coordi-
nates x ≡ r − r0 and y ≡ r(θ − θ0) and linearises the equations
of motion for the gas and the dust particles to first order in
x/r0 and y/r0. In this frame of reference, all velocities are
measured with respect to the background Keplerian shear
velocity −3ΩKx eˆy/2.
The gaseous and the dust components of the disc inter-
acts via their mutual drag force. For simplicity, we assume
that in each model, the dust particles have the same dimen-
sionless stopping time τs ≡ ΩKts, where ts is the character-
istic timescale for reducing the relative velocity between a
dust particle and its surrounding gas by the drag force. The
value of τs depends on the properties of the particle and
the gas, and usually the smaller τs, the smaller the particle
and/or the denser the gas (see, e.g., Johansen et al. 2014).
To evolve the system of gas and dust, we use the Pencil
Code (Brandenburg & Dobler 2002). The gaseous compo-
nent of the disc is modelled on a fixed regular grid, and is
integrated with sixth-order spatial derivatives and a third-
order Runge–Kutta method. We stabilise the scheme by
sixth-order hyper-diffusion with a fixed Reynolds number,
which damps numerical noise near the Nyquist frequency
while obtaining high fidelity over a large dynamical range
(Yang & Krumholz 2012). Shocks are captured via artifi-
cial diffusion in every dynamical variable, and a correction
term to the momentum equation is applied so that the total
momentum is better conserved (Gent et al. 2019). To relieve
the Courant condition imposed by the background Keplerian
shear velocity at large radial distances from the origin of the
local shearing sheet, we use a sixth-order B-spline interpola-
tion to integrate the shear advection terms (Yang, Johansen
& Carrera 2017; Yang, Mac Low & Johansen 2018).
The dust component of the disc is modelled as La-
grangian super-particles, each of which represents an en-
semble of numerous identical dust particles. The position
and velocity of each super-particle is integrated simulta-
neously with the gas using the same Runge–Kutta steps.
The gas grid and the dust particles are coupled via their
mutual drag force, and the computation of this coupling
is achieved by the standard particle-mesh method with
the Triangular-Shape-Cloud weighting scheme (Hockney &
Eastwood 1988). Because we consider a wide range of di-
mensionless stopping time τs with potentially strong dust
concentration, the mutual drag force can be stiff and hence
we use the numerical algorithm devised by Yang & Johansen
(2016) to integrate the force efficiently.
The gaseous disc usually has a radial pressure gradi-
ent on large scale. Instead of initialising the gas with such
a gradient, we impose it as a constant external source term.
The gradient is such that the azimuthal velocity of the gas
is reduced by ∆u from the Keplerian velocity when the disc
is free of dust. In this work, we consider only the case that
∆u/cs = 0.05, where cs is the speed of sound. This value is
similar to that in the inner region (.10 au) of typical proto-
planetary disc models (e.g., Bitsch et al. 2015).
We place a point-like planet of mass Mp fixed at the
centre of the local shearing sheet. To avoid the singularity
of the gravitational force exerted by the planet, we adopt a
smoothed gravitational potential of the form
Φ(d) = −GMp d
2 + 3r2s /2
(d2 + r2s )3/2
, (1)
where G is the gravitational constant, d ≡
√
x2 + y2 is the
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Figure 1. Column densities of the gas Σg and the particles Σp at the end of the simulations (t = 100P) from models with a planet of
mass Mp = 0.1Mth, where Mth is the thermal mass (equation (2)). For each model, the gas and the dust are shown respectively on the
left and on the right in a double panel. The panels are organised such that the dimensionless stopping time τs increases from left to right,
while the solid abundance Z increases from top to bottom. The densities are normalised by their initial values Σg,0 and Σp,0, respectively.
distance to the planet, and rs is the smoothing length (Dong
et al. 2011a; Zhu, Stone & Rafikov 2012b). For d  rs,
Φ(d) ' −(GMp/d)(1 − 9r4s /4d4), while for d  rs, Φ(d) '
Φ0 + 5GMpd2/4r3s , where Φ0 is a constant. The planet mass
Mp can be expressed in terms of the thermal mass (Goodman
& Rafikov 2001; Dong et al. 2011a)
Mth ≡
c3s
GΩK
= (0.096MJ)
(
cs
0.6 km s−1
)3 ( M?
M
)−1/2 ( r0
5 au
)3/2
,
(2)
which we note is a natural unit of mass for local shearing
sheets. In this work, we adopt rs = 0.8RH, where
RH = r0
(
Mp
3M?
)1/3
= Hg
(
Mp
3Mth
)1/3
(3)
is the Hill radius and Hg ≡ cs/ΩK is the vertical scale height
of the gas. Instead of using numerical differentiation, we an-
alytically expand the gradient of equation (1) to compute
the gravitational force exerted by the planet.
We initialise the system of gas and dust in equilibrium
state as if the planet were not present. The column density of
the gas is initially constant at Σg = Σg,0, while the column
density of the dust particles is initially constant at Σp =
Σp,0 = ZΣg,0, where Z is the solid abundance. We randomly
distribute the particles in the computational domain, and
to reduce the Poisson noise in particle density, we use on
average 36 particles per cell. The initial velocities of the gas
and the particles are given by the Nakagawa–Sekiya–Hayashi
(NSH; 1986) equilibrium solution (see also Yang & Johansen
2016). We then gently increase the gravitational force of the
MNRAS 000, 1–18 (2019)
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Figure 2. The same as Fig. 1 except for models with Mp = 0.3Mth.
planet from zero to actual magnitude over a duration of 10P,
where P ≡ 2pi/ΩK is the local orbital period, by varying G in
equation (1), as similarly done in Scha¨fer, Yang & Johansen
(2017).
Because we consider the inviscid limit for this system,
the density waves excited by the planet can freely prop-
agate over long distances, and hence the boundary condi-
tions require special attention. To accommodate sufficient
number of wavelengths, we adopt a particularly large com-
putational domain, 32Hg in radial dimension and 64Hg in
azimuthal dimension (which is equivalent to a disc aspect
ratio of Hg/r0 = pi/32 ' 0.1). After some experiments, we
find that the most effective approach to establish the den-
sity waves without reflection is to use the standard sheared-
periodic boundary conditions (Brandenburg et al. 1995;
Hawley, Gammie & Balbus 1995) while applying a damping
zone near the radial boundary, as similarly done in global
simulations (e.g., de Val-Borro et al. 2007). Considering the
force balance between the gas and the dust particles, we im-
pose artificial source terms to the gas velocity ug and the
particle velocity vp in the form of
dug
dt
= ν(x) (u˜g − ug) , (4)
dvp
dt
= ν(x) (v˜p − vp) , (5)
where the damping coefficient is defined by
ν(x) ≡ 1
2
(
10−2P
)−1 ×
1 + cos
[
pi (x − xmin) /Hg
]
, if xmin ≤ x < xmin + Hg
0, if xmin + Hg ≤ x ≤ xmax − Hg,
1 + cos
[
pi (xmax − x) /Hg
]
, if xmax − Hg < x ≤ xmax,
(6)
u˜g and v˜p are the NSH (1986) equilibrium solutions for the
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Figure 3. The same as Fig. 1 except for models with Mp = 1Mth.
gas and the particle velocities, respectively, and [xmin, xmax]
is the radial computational domain.
Finally, the small region near the planet also needs spe-
cial treatment. Numerous dust particles tend to accrete on
to the planet and form a small cloud which is unresolved.
When the back reaction to the gas drag is on, the particles
induce strong velocity shear in the gas around the planet,
leading to numerical instability. To compute the dynamics
in this region properly, which is of interest in the study of
pebble accretion (see, e.g., Johansen & Lambrechts 2017),
high resolution near the planet is required and hence is be-
yond the scope of this work. Therefore, we include a region
of radius 0.2RH around the planet such that any particle
inside this region is removed.
In this work, we perform a systematic sweep of the pa-
rameter space in planet mass Mp, dimensionless stopping
time τs, and solid abundance Z. We consider Mp/Mth = 0.1,
0.3, and 1, τs = 10−3, 10−2, 10−1, and 1, and Z → 0 (i.e.,
without back reaction), Z = 0.1, 0.3, and 1. We fix the reso-
lution at 16 cells per gas scale height Hg and conduct each
simulation up to t = 100P.
3 LIMIT OF NO DUST BACK REACTION
In this section, we summarise the results from the models
without dust back reaction to the gas drag, i.e., in the limit
of Z → 0. Without back reaction, the dust particles only pas-
sively respond to the gas dynamics, while the gaseous disc
evolves as if the dust were not present. This type of mod-
els has been studied relatively extensively in the literature,
especially in global simulations. Therefore, the presentation
here serves as a consistency comparison with global models
as well as a baseline to study the effects of the back reaction
in the following sections.
The top row in Figs. 1–3 shows the column densities of
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the gas and the dust particles side-by-side at the end of the
simulations (t = 100P) for the models without back reac-
tion. The dimensionless stopping time τs increases from left
to right along each row, while the planet mass Mp increases
from Fig. 1 to Fig. 3. Given that in this case the dust par-
ticles do not exert any force on the gas, the evolution of the
gas is independent of the properties of the dust present in
the model, and thus only depends on the mass of the planet.
As shown by the gas density on the left of each dou-
ble panel, a planet can induce spiral arms, a gap, and/or
vortices in the gaseous disc in the vicinity of its orbit. Con-
spicuous two-arm spiral density wave in the gas is excited by
the planet, wraps around the azimuthal periodic boundary,
and propagates radially until being damped by the radial
boundary. When in the linear regime (Mp  Mth), the mor-
phology of the wave is only a function of the Keplerian shear
and the speed of sound, and is independent of the planet
mass (Goldreich & Tremaine 1979). If the planet mass is
non-negligible compared to the thermal mass, on the other
hand, the spirals open up more as the planet mass increases
(Zhu et al. 2015b; Bae & Zhu 2018).1 In the meantime, the
torque exerted by the planet drives the gas away from the
orbit of the planet, and a gap begins to develop (Goldreich
& Tremaine 1980). Given that the gas is inviscid, the depth
of the gap continues to increase with time (Dong, Rafikov &
Stone 2011b). The blue lines in the top panels of Figs. 4–6
show the azimuthal average of the gas density as a function
of radial position at the end of the simulations. The more
massive the planet, the faster the gap becomes deeper. The
small bump near the planet orbit in the radial profile repre-
sents some of the gas being trapped in the horseshoe region
(cf., Figs. 1–3). When the gap is deep enough, as in the case
of Mp = 1Mth shown in Fig. 3, the gap edge is subject to
the Rossby wave instability (Lovelace et al. 1999), and hence
one large-scale vortex appears on each side of the gap (de
Val-Borro et al. 2007).
When dust particles have a dimensionless stopping time
of τs < 0.1, they are tightly coupled to the gas. Therefore,
the morphology of these dust particles assimilates to that
of the underlying gas, as shown by the particle density on
the right of each double panel in the top row of Figs. 1–3.
The blue lines in the second-to-top panels of Figs. 4–6 are
the corresponding azimuthal average of the particle density
as a function of radial position. Similar to the gas, a gap
in the dust distribution is formed. The peak at the edge on
each side of the gap, though, is slightly inside that of the
gas. Moreover, significant amount of dust particles remain
in the horseshoe region. When vortices are present, as in the
case of Mp = 1Mth shown in Fig. 3, the concentration of
particles trapped in these vortices is also evident (e.g., Lyra
et al. 2009), and the larger the stopping time τs, the more
concentrated the particles (Lyra & Lin 2013).
When the dimensionless stopping time τs ' 0.1–1, the
dust particles are marginally coupled to the gas, and the
effects of their radial drift become apparent. While accu-
mulating near the outer edge of the gap in the gas, leading
to a narrow dense dust ring, the particles continue to ra-
1 It have been suggested that such a non-linear effect could ex-
plain the open spirals in recent observations with near-infrared
scattered light (Dong et al. 2015b).
dially drift inward inside the orbit of the planet such that
the gap in the particle distribution widens with time. The
larger the τs, the faster this process of gap widening, which
is a natural consequence of the faster radial drift as given
by the NSH (1986) equilibrium solution. Moreover, the par-
ticles in the horseshoe region for the case of the planet mass
Mp = 0.1Mth have peculiar trajectories (Ben´ıtez-Llambay &
Pessah 2018). Particles radially drift faster than completing
one orbit such that they form a smaller closed loop behind
the planet. When Mp & 0.3Mth, the dust particles appear
to be effectively depleted inside the orbit of the planet with
time.
We note that because of the imposed background ra-
dial pressure gradient (Section 2), a local pressure maximum
does not coincide with a local maximum in the gas density.
Instead, a local pressure maximum occurs where the gas den-
sity has a positive radial gradient of ∂Σg/∂x = +0.1(Σg/Hg).
The only favourable location in our model for this condition
to occur is at the outer edge of the gap in the gas. As shown
by the blue lines in the top panels of Figs. 4–6, a true local
pressure maximum exists near the outer edge and slightly
inside the density maximum at the end of our simulations
when the planet mass Mp & 0.3Mth. Indeed significant accu-
mulation of dust particles occurs at this location, especially
evident for marginally coupled ones (0.1 . τs . 1).
The next-to-bottom panels in Figs. 4–6 shows the az-
imuthally averaged radial flux of dust particles at the end of
the simulations, in which we focus on the blue lines in this
section. For the models with a planet of mass Mp = 0.1Mth,
the radial flux is close to be constant across radial position,
indicating a state of quasi-steady equilibrium. For the mod-
els with a planet of mass Mp & 0.3Mth, on the other hand,
the radial flux is halted near the outer edge of the gap driven
by the planet, consistent with the location of a local pres-
sure maximum. This occurs irrespective of the dimensionless
stopping time τs, leaving the dust particles inside the plane-
tary orbit gradually depleted with time as discussed above.
4 EFFECTS OF DUST BACK REACTION
When the back reaction to the gas drag by the dust particles
is ignored, as summarised in Section 3, the particles accu-
mulate at the local pressure maximum located at the outer
edge of the gap driven by the planet, or are trapped in a
large-scale vortex. In this case, the evolution of the system
is invariant of the solid abundance Z. As Z becomes non-
negligible, the local solid-to-gas density ratio can reach or-
der unity or more at these dust traps (see the bottom panels
of Figs. 4–6), indicating that the dust back reaction should
become important in the dust-gas dynamics. In this section,
therefore, we activate the dust back reaction and consider its
effects on the disc in comparison to the system without back
reaction as presented in Section 3. As shown by Figs. 1–3,
the dust back reaction indeed significantly changes the dy-
namics of the disc, when the initial solid-to-gas density ratio
is as low as Z ∼ 0.1.
4.1 With tightly coupled dust particles (τs < 0.1)
We first consider the models with tightly coupled dust par-
ticles, i.e., particles of dimensionless stopping time τs < 0.1.
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Figure 4. Azimuthally averaged profiles at the end of the simulations (t = 100P) from models with a planet of mass Mp = 0.1Mth, where
Mth is the thermal mass (equation (2)). From top to bottom are the column density of the gas, the column density of the particles, the
radial flux of the particles, and the solid-to-gas density ratio normalised by the solid abundance Z, respectively. Different line colours
denote different Zs. The panels are organised such that the dimensionless stopping time τs increases from left to right.
In this case, the relative velocity between each particle and
its surrounding gas remains small and the particles closely
follow the background gas flow. Therefore, the system may
be approximated by a single mixture with heavier inertia
contributed by the dust and hence a smaller effective speed
of sound (Laibe & Price 2014; Lin & Youdin 2017).
4.1.1 Spiral structure
As discussed in Section 3, the spiral structure depends on
the planet mass Mp in the non-linear regime, i.e., when Mp is
non-negligible as compared to the thermal mass Mth. Nev-
ertheless, to simplify the complexity and study the effects
of the dust back reaction on the spiral structure, we resort
to the linear theory as a basis and use our models with the
lowest mass Mp = 0.1Mth for comparison. According to the
linear analysis of a gas-only disc, the openness of the spiral
arms excited by the planet should scale with the local scale
height of the gas Hg (Goodman & Rafikov 2001; Ogilvie &
Lubow 2002; Dong et al. 2011a). Extending this result to a
dust-gas mixture implies that the higher the solid abundance
Z, the more tightly wound the spiral arms should become
because of the smaller effective scale height. We test this
hypothesis from our models in this section.
The solid lines in Fig. 7(a) show the locus and the corre-
sponding pitch angle of the spiral arm on the right side of the
planet (x > 0) for models with a planet of mass Mp = 0.1Mth
and dust particles of dimensionless stopping time τs = 10−3.
We measure the locus of the spiral y(x) by tracing the local
maximum of the gas density along the spiral wake stemming
from the planet. We then use sixth-order centred differences
to find the derivative dy/dx and use it to compute the pitch
angle tan−1(−dy/dx). Because this procedure introduces noise
near the Nyquist frequency, we smooth the derivative dy/dx
by running averages of eight points.
For comparison, the dashed lines in Fig. 7(a) are the
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Figure 5. The same as Fig. 4 except for models with Mp = 0.3Mth.
asymptotic limit
y ≈ −sgn(x)3x
2
4H˜
= −sgn(x)
√
1 + Z
3x2
4Hg
(7)
for the corresponding models, where we have replaced the
gas scale height h in equation (3) of Dong et al. (2011a) with
the effective scale height of a dust-gas mixture
H˜ ≡ c˜s
ΩK
=
Hg√
1 + Z
, (8)
in which
c˜s =
cs√
1 + Z
(9)
is the effective speed of sound of the mixture (Laibe & Price
2014; Chen & Lin 2018).
Fig. 7(a) indicates that the spiral arms indeed become
less open with increasing solid abundance Z. We note that
the pitch angle is systematically larger than the correspond-
ing asymptotic limits, which is due to the non-linear prop-
agation of the density waves (Goodman & Rafikov 2001) or
the interference of their excitation (Ogilvie & Lubow 2002)
with a planet of appreciable mass. Nevertheless, the pitch
angle of the spiral wakes in the models do approach to the
corresponding asymptotes (derivative of equation (7)). Al-
though it appears that the larger Z, the less rapidly the wake
approaches to the limit, this comparison confirms qualita-
tively the expected effect of the back reaction by the dust
on the openness of the spiral structure excited by a planet.
However, we show in Section 4.2.1 that this property is not
applicable for marginally coupled dust particles.
4.1.2 Gap structure
We next turn our attention to the gap structure driven by
the planet. The top panels in Figs. 4–6 indicate that with
tightly coupled dust particles (τs < 0.1), the higher the solid
abundance Z, the deeper the gap in the gas becomes, except
for the case with a planet of mass Mp = 1Mth, in which the
gap depth is appreciably less sensitive to Z. On the other
hand, the gap width appears not to depend on the solid
abundance.
To be more quantitative, we further measure the depth
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Figure 6. The same as Fig. 4 except for models with Mp = 1Mth.
and width of the gap in the gas for each model as follows.
The solid line in Fig. 8 shows a representative profile of az-
imuthally averaged gas density. To detect the right edge of
the gap, we first find the maximum of the local maxima
on the right side of the planet (damping zone excluded), as
represented by point A, at which the density is defined by
ΣR,t. Then we find the minimum of the local minima in be-
tween the planet and point A, as represented by point B, at
which the density is defined by ΣR,b. We define the location
of the right edge xR as the point where the profile crosses
the midpoint between ΣR,t and ΣR,b, as shown by point C.
To detect the left edge of the gap xL, we similarly find the
points D, E, and F, and the corresponding densities ΣL,t and
ΣL,b. Finally, we define the relative depth of the gap as
δ ≡ (ΣL,t − ΣL,b) + (ΣR,t − ΣR,b)
2Σg,0
(10)
and the width of the gap as
∆ ≡ xR − xL. (11)
The resulting evolution of the depth δ and width ∆ of the
gap measured from all of our models are shown in Fig. 9.
The dependence of the depth evolution on our model
parameters for tightly coupled dust particles (τs < 0.1) can
be summarised as follows. The depth continuously increases
with time in all of our models and approximately δ ∝ √t,
which is consistent with our assumption of the inviscid limit
(Dong et al. 2011b). The more massive the planet, the more
rapidly the gap grows deeper. More importantly, it appears
that the higher the solid abundance Z, the deeper the gap
compared at the same instant of time. The exception is for
models with a planet of mass Mp = 1Mth, in which the depth
of the gap is much less sensitive to the solid abundance, as
shown by Figs. 3, 6, and 9(c). We note that the measurement
of the depth δ for the models with Mp = 1Mth and Z = 1
is deceptively lower, because of the depreciation in the gas
driven by the dust-gas vortices near the top of the edges (see
Fig. 3 and Section 4.1.3).
The trend of a deeper gap with increasing solid abun-
dance Z can be understood by the sensitive dependence of
the torque Γ exerted by the planet on the local scale height
of the gas, i.e., Γ ∝ H−2g (e.g., Tanaka, Takeuchi & Ward
2002; Paardekooper et al. 2010). Extending this result to a
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Figure 7. Locus (top) and pitch angle (bottom) of the spiral arm as a function of radial distance to the planet (solid lines), measured
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Figure 8. Schematic diagram for measuring the depth and width
of a gap opened by a planet. See Section 4.1.2 for the procedure.
dust-gas mixture (Chen & Lin 2018), Γ ∝ H˜−2 ∝ (1 + Z) and
hence the larger Z, the stronger the torque and the deeper
the gap is. We note that this relationship can be interpreted
exactly as Γ = Γg + Γp ∝ Σg + Σp ≈ Σg(1 + Z), where Γg
and Γp are the torques on the gas and the dust components,
respectively. On the other hand, the independence of the
gap depth on Z for the models with Mp = 1Mth may be a
consequence of the appreciably depleted dust content in the
gap region compared to models with Mp . 0.3Mth, as shown
by the azimuthally averaged solid-to-gas density ratio in the
bottom panels of Figs. 4–6. Therefore, it appears that the
system is consistent with the approximation of a single dust-
gas mixture, as in the case of the spiral structure discussed
in Section 4.1.1.
To be more quantitative, we plot in Fig. 10 the time
and azimuthally averaged Reynolds stress – which is equiva-
lent to the angular momentum flux – as a function of radial
distance to the planet from the models with planet mass
Mp = 0.3Mth and dimensionless stopping time τs = 10−3.
The peak of the Reynolds stress correlates with the strength
of the torque density while the angular momentum is de-
posited where the stress begins to decline (Dong et al.
2011a). From Fig. 10, the maximum stress is larger by a fac-
tor of 1.1, 1.8, and 2.6 when the solid abundance Z = 0.1, 0.3,
and 1 with respect to the case of Z → 0. In comparison, the
predicted torque ratios are 1.1, 1.3, and 2, respectively. The
apparently larger stress than predicted is likely contributed
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Figure 9. Evolution of the depth (top) and width (bottom) of the gap in the gas driven by a planet of mass (a) Mp = 0.1Mth,
(b) Mp = 0.3Mth, and (c) Mp = 1Mth. The dimensionless stopping time τs increases from the left column to the right, and lines of
different colours represent different solid abundance Z.
by the dust-gas vortices induced by the dust back reaction
(Section 4.1.3). A similar consideration of additional contri-
bution to angular momentum flux may be found in a system
with MHD turbulence (Zhu, Stone & Rafikov 2013). Finally,
we note that the disparity is even larger for the models with
Mp = 0.1Mth, indicating stronger contributions of the dust-
gas vortices to the angular momentum flux.
We next observe the evolution of the gap width for
tightly coupled dust particles (τs < 0.1). From the top pan-
els of Fig. 4, we see that any gap with a depth contrast of
δ . 10% appears not well developed, and the measurement
of its width ∆ becomes sensitive to the exact density profile
of each edge (see also Zhang et al. 2018). For the models
with a planet of mass Mp = 0.1Mth, the gap has not well
developed within 100P when the solid abundance Z . 0.3
(Fig. 9(a)), while the gap becomes well developed after an
initial period for the models with Mp = 0.3Mth (Fig. 9(b)).
Taking this into account, we see from the bottom panels of
Fig. 9 that the gap width also in general increases with time.
Moreover, the gap is initially narrower for larger Z. However,
for the same planet mass but irrespective of Z, the gap ap-
pears to approach to similar width given enough time. This
indicates that the effective radial distance for the planet to
clear the materials near its orbit is not sensitive to the solid
abundance.
Finally, the second-to-top panels in Figs. 4–6 shows the
azimuthally averaged column density of the dust particles.
With tightly coupled particles (τs < 0.1), the gap structure
driven by the planet is more prominent in the dust compo-
nent than in the gas. The dust accumulates at the pressure
maximum outside of the planet while simply being pushed
away inside of the planet (Section 3). The dust particles in
between are significantly depleted except in the horseshoe
region. The more massive the planet, the more depleted the
dust component, while most of the dust materials in the
horseshoe region remains irrespective of the planet mass.
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Figure 10. Azimuthally averaged Reynolds stress as a function
of radial distance for the models with a planet of mass Mp =
0.3Mth and dust particles of dimensionless stopping time τs =
10−3. Different colours represent different solid abundances Z. The
profiles are time-averaged over the last 20P of the simulations.
More interesting is the dependence of the dust gap on
the solid abundance Z. For the models with a planet of
mass Mp = 0.1Mth, the higher Z, the more prominent is
the dust gap (see also Fig. 1). This behaviour simply fol-
lows how well the gas gap is developed, as discussed above.
For Mp & 0.3Mth, on the other hand, the higher Z, the less
prominent is the dust gap. This appears to be closely related
with the instability generated near the edge of the dust gap,
as discussed in the following section (Section 4.1.3).
4.1.3 Vortices
When the back reaction from the dust particles to the gas
drag is activated, several new phenomena appear. First, in
the very vicinity of the planet, small dust-gas vortices are
generated randomly in time when dust particles attempt to
make a U-turn inside the Hill radius of the planet (Figs. 1–
3). These vortices continue to follow the horseshoe trajecto-
ries near the co-orbital radius without any further change.
Moreover, the higher the solid abundance Z, the stronger
this effect becomes. As discussed in Section 2, the trajecto-
ries inside the Hill radius of the planet is not well resolved,
and hence to confirm the validity of and further study this
effect requires future investigations.
Second, the dust back reaction indeed tends to make the
edge of the dust gap unstable, especially when sufficient dust
material is accumulated near the edge (see also Pierens et al.
2019). As shown in Fig. 2, the instability occurs within 100P
for the models with tightly coupled particles (τs < 0.1) and
a planet of mass Mp = 0.3Mth, when the solid abundance
Z & 0.3. This instability is of Kelvin–Helmholz type because
of a steep gradient in dust-to-gas density ratio, as shown by
the bottom panels of Fig. 5, which drives a gradient in gas
velocity due to the dust back reaction (the higher the den-
sity ratio, the closer to be Keplerian the gas is accelerated).
In other words, a dust ring should have a minimum width
below which the velocity shear becomes too strong and the
system is unstable (e.g., Yang & Menou 2010). When this
occurs, the axisymmetric narrow ring of dust at the edge is
broken into several small-scale vortices. Moreover, the higher
Z, the more such vortices are generated. Interestingly, this
behaviour tends to regulate the dust accumulation at the
gap edge in such a way that Σp/ZΣg ' 2, as shown in Fig. 5.
Finally, as discussed in Section 3, a planet of mass
Mp = 1Mth is sufficiently heavy to drive large-scale vortices
near the edge of the gas gap, and dust particles are trapped
in and coevolve with these vortices. However, when the dust
back reaction becomes important, the large-scale vortices
are broken into numerous small-scale vortices (see also Fu
et al. 2014; Crnkovic-Rubsamen, Zhu & Stone 2015; Raettig,
Klahr & Lyra 2015; Surville et al. 2016; Surville & Mayer
2019). As shown in Fig. 3, this occurs when the solid abun-
dance Z & 0.3 for tightly coupled dust particles (τs < 0.1).
(A similar behaviour also occurs for marginally coupled dust
particles; see Section 4.2.3.) Moreover, the dust accumula-
tion at the gap edge is similarly maintained at Σp/ZΣg ' 2
as in the case of smaller planets described above (Fig. 6).
4.2 With marginally coupled dust particles
(0.1 . τs . 1)
We next consider the models with marginally coupled dust
particles, i.e., particles which have a dimensionless stopping
time of 0.1 . τs . 1. In this case, the particles may not
closely follow the background flow of the gas, and the dust-
gas dynamics becomes deviated from the description of a
single mixture as appropriate for tightly coupled dust par-
ticles considered in Section 4.1. We discuss such differences
in the following sections.
4.2.1 Spiral structure
In Section 4.1.1, we demonstrate that the spiral structure
becomes less open with increasing solid abundance Z when
the disc contains tightly coupled dust particles, as shown
in Fig. 7(a). However, this behaviour is not applicable to
marginally coupled dust particles. As shown in Fig. 7(b),
the spiral locus and the corresponding pitch angle as a func-
tion of the radial distance to the planet does not change
with Z for the case of τs = 1 (the variation in the case of
Z = 1 is due to the difficulty with the presence of numerous
small-scale dust-gas vortices). Irrespective of Z, the pitch
angle is close to the asymptotic limit (equation (7)) as if
the dust were not present (i.e., Z → 0). We note that, as
shown by Fig. 4, the azimuthally averaged column density
ratio remains similar to the initial value for |x | & 2Hg, i.e.,
〈Σp/Σg〉x ' Z. Therefore, the effective speed of sound does
not appear to be modified by the dust back reaction as in
equation (9) when the dust particles are marginally coupled,
and hence caution needs to be exercised when considering
the system as a single mixture in this case.
4.2.2 Gap structure
It has long been accepted that a planet can drive near its
orbit a gap in the gas component of the disc. However,
appreciably different structure appears when the disc con-
tains significant amount of marginally coupled dust particles
(0.1 . τs . 1). As shown in the top panels of Figs. 4–6, the
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gas on both sides of the planetary orbit is pushed radially
outwards. Moreover, the higher the solid abundance Z, the
more drastic the effect is. As a result, the relatively radi-
ally symmetric gap structure about the planet in the limit
of no dust back reaction becomes more and more skewed
as Z increases (see also Castrejon et al. 2019). A gap can-
not even be well defined for Z being as low as about 0.1
(see also Figs. 1–3) in almost all of our models. The excep-
tions are the models with a planet of mass Mp = 1Mth, in
which the gap structure remains significant when τs = 0.1
and marginal when τs = 1 and Z = 0.1. Therefore, it appears
that the smaller the planet mass Mp and the larger the di-
mensionless stopping time τs (but close to unity), the less
conspicuous the gap structure in the gas is.
This behaviour could simply be understood by angular
momentum conservation. As the dust particles radially drift
inwards toward the star due to the loss of their angular mo-
mentum to the head wind, the gas gains equal amount of
angular momentum and hence radially moves outwards (see
also Gonzalez et al. 2017). The strength of this effect can be
seen via the NSH (1986) equilibrium solution for the radial
velocities of the gas and the dust particles
u˜g,x =
2τs
(1 + )2 + τ2s
∆u, (12)
v˜p,x = − 2τs(1 + )2 + τ2s
∆u, (13)
respectively, where  is the local dust-to-gas density ratio
and ∆u is the velocity reduction in the gas defined in Sec-
tion 2 (see also Yang & Johansen 2016). For any given di-
mensionless stopping time τs, the gas reaches its maximum
outward radial drift when  =
√
τ2s + 1, at which
u˜g,x

max =
τs
1 +
√
τ2s + 1
∆u. (14)
We note that equation (14) is a monotonically increasing
function of τs, asymptotically approaching ∆u. This maxi-
mum drift equals half of ∆u when τs = 4/3. Therefore, the
modification of the gap structure in the gas due to this ef-
fect is the most noticeable when τs ∼  ∼ 1, which is consis-
tent with the findings described above. Finally, the modified
structure should reach an equilibrium state by balancing
its induced pressure gradient, as shown by the profiles in
Figs. 4–6.
Equation (14) indicates that the time-scale for the dust
back reaction to modify its background gas is similar to
that of dust radial-drift as if  → 0. For the dimensionless
stopping time τs  1, u˜g,x

max ' τs∆u/2, while for τs & 1,
u˜g,x

max ∼ ∆u. The crossing time for a structure of width Hg
is then about 6P/τs and 3P, respectively. As expected, we
see this effect of the back reaction from marginally coupled
dust particles (0.1 . τs . 1) within 100P, while not from
tightly coupled dust particles (τs < 0.1).
The dynamics of the marginally coupled dust particles
is more complicated and so are the resulting morphological
signatures. Within 100P for all the models with a planet of
mass Mp = 0.1Mth, as shown in the top panels of Fig. 4, the
gap in the gas is not developed deep enough and hence no
true local pressure maximum is established radially outside
of the planet (see Section 3). Therefore, marginally coupled
(as well as tightly coupled) dust particles continue to radi-
ally drift through the gap. As shown by the next-to-bottom
panels of Fig. 4, the radial flux of the particles is roughly
constant across all radial distance, and hence an equilibrium
state in the dust component has been reached and main-
tained. Moreover, a dust gap is established and it appears
that the higher the solid abundance Z, the deeper the gap
becomes (see also Fig. 1). This phenomenon is related with
the skewed profile in the gas component discussed above. As
the negative density gradient of the gas inside the planetary
orbit becomes steeper with increasing Z, the dust particles
in this region experience stronger head wind (larger ∆u) and
hence radially drift inward faster (equation (13)), which re-
sults in a deeper dust gap.
When the planet has a mass of Mp & 0.3Mth and the
dust back reaction is negligible (Z → 0), a true local pressure
maximum outside of the planetary orbit is established within
100P, where radial flux of dust particles is halted (Section 3).
However, this pressure maximum is significantly weakened
or even disappears as the solid abundance Z increases, as
shown in the top panels of Figs. 5 and 6. For the models
with Mp = 0.3Mth, marginally coupled dust particles can
again penetrate through the gap, when Z & 0.3 and Z & 0.1
for τs = 0.1 and τs = 1, respectively (Fig. 5). When this
occurs, the dust gap is well maintained, which is in drastic
contrast to the case of Z → 0 in which the dust is depleted
inside of the planetary orbit (see also Fig. 2). For the models
with Mp = 1Mth, on the other hand, the pressure maximum
remains present except for τs = 1 and Z = 1 (Fig. 6). In
all cases (including τs = 1 and Z = 1), however, the dust
particles are well depleted near the planetary orbit except
that some remains in the horseshoe region (see also Fig. 3).
Therefore, it appears that when Mp & 1Mth, the gravity of
the planet is strong enough to deplete its nearby orbits and
impede the dust radial drift regardless of the presence of a
pressure maximum.
Finally, for all cases where the dust cannot radially drift
past the planetary orbit, the dust component inside of the
orbit become depleted with time. However, we note that the
rate of depletion is slower with increasing solid abundance
Z, as shown by the radial location of the dust front in Figs. 5
and 6 (see also Figs. 2 and 3). This phenomenon is predom-
inantly due to the effect that the larger Z, the slower the
dust radial drift, as depicted by equation (13).
4.2.3 Vortices
For the models with a planet of mass Mp = 0.1Mth and
marginally coupled dust particles (0.1 . τs . 1), the only
vortices within the duration of the simulations are gener-
ated near the planet, a similar effect observed in the models
with tightly coupled dust particles. See Section 4.1.3 for its
discussion.
Also similar to the models with tightly coupled dust
particles discussed in Section 4.1.3, the narrow dust ring
near the outer edge of the gap driven by a planet of mass
Mp = 0.3Mth becomes unstable with marginally coupled
dust particles and numerous dust-gas vortices are generated.
However, the instability occurs earlier than the models with
tightly coupled particles and can be observed within the
duration of the simulations for solid abundance as low as
Z ∼ 0.1 (Fig. 2). This is due to the faster radial drift of the
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marginally coupled particles and hence faster accumulation
in the dust ring. On the other hand, the peak dust density
near the edge at the end of the simulations appears to be
maintained at Σp ∼ 0.2Σg,0 for marginally coupled particles,
as shown in Fig. 5.
In contrast to the region outside of the planetary orbit,
the dust-gas vortices generated inside are significantly less
with marginally coupled dust particles (Fig. 2). This phe-
nomenon can be understood by noting that the dust par-
ticles are relatively depleted inside the planetary orbit due
to faster radial drift, reducing the solid-to-gas density ratio,
as shown in Fig. 5. The effect is especially evident for the
models with the dimensionless stopping time of τs = 1.
Finally, for the models with a planet of mass Mp =
1Mth and marginally coupled dust particles, the large-scale
lopsided vortex on either side of the planetary orbit is broken
into numerous small-scale dust-gas vortices when the dust
back reaction becomes important, as shown in Fig. 3. This
phenomenon is similar to the models with tightly coupled
dust particles, as discussed in Section 4.1.3. Interestingly,
the large-scale lopsided vortex inside the planetary orbit
reappears after the dust particles become depleted in the
region because of their radial drift. This occurs in the models
with the dimensionless stopping time of τs = 1 and the solid
abundance Z . 0.3 (Fig. 3).
5 IMPLICATIONS FOR OBSERVATIONS
In Fig. 11, we schematically compile the morphological sig-
natures induced by dust back reaction in a dusty disc with an
embedded planet. Figure 11(a) shows the results for a planet
mass (Mp) appreciably less than a thermal mass (Mth; see
equation (2)), while Fig. 11(b) shows those for a planet mass
on the order of or more than a thermal mass. We discuss in
this section their implications for observations, while leav-
ing the full summary of the effects by dust back reaction in
Section 6.
First, the spiral structure is usually observed in the po-
larised light scattered from the µm-sized dust particles near
the surface of a disc. It is believed that these particles are
tightly coupled to the gas and trace the structure of the
gas. By comparing Figs. 1–3, one could see that the more
massive the planet, the more open the spiral arms are (see
Section 3). On the other hand, as discussed in Section 4.1.1,
the more abundant the tightly coupled dust particles are,
the less open the spiral arms become. Therefore, there ex-
ists a degeneracy between the planet mass Mp and the solid
abundance Z of small dust particles when interpreting the
spiral structure. For example, the pitch angle increases by
about 4◦ at a distance of x = 3Hg from the planet when
Mp increases from 0.1Mth to 1Mth (Bae & Zhu 2018), while
Fig. 7(a) (or equation (7)) shows that the pitch angle de-
creases by about 3.◦6 when Z increases from zero to unity.
This demonstrates that care needs to be taken in order to
break this degeneracy by using other diagnostics.
Second, the interpretation of the gap structure in a disc
is significantly more complicated. A gap in the dust compo-
nent becomes shallower with increasing solid abundance irre-
spective of the planet mass, while a gap in the gas component
becomes deeper with increasing solid abundance only when
the planet mass is small. The width of a gas gap does not
appear to be sensitive to the solid abundance. On the other
hand, it may be difficult to interpret the width of a dust
gap separated by two axisymmetric rings, especially when
the dust particles are marginally coupled. If the solid abun-
dance is high and the planet is small (bottom-right panels of
Fig. 11(a)), one might infer the existence of a planet near the
centre of the gap. However, if the solid abundance is low or
the planet is massive (bottom-left panels of Fig. 11(a) and
bottom panels of Fig. 11(b)), the dust particles could drift
radially inward inside the planetary orbit and accumulate at
the outside of another planet (one should also consider that
the higher the solid abundance, the slower the radial-drift
speed and hence the dust depletion inside a planetary orbit;
bottom-right panel of Fig. 11(b)). In this case, two rings in-
dicate the existence of two planets. Finally, a gap found in
the dust component may not be directly translated to a gap
in the gas component, except for the case of tightly coupled
dust particles, as shown in the top-right panels of Figs. 11(a)
and 11(b). When the solid abundance is high, a well-defined
gap in the gas component may not exist.
Third, in the inviscid limit, the dust particles tends to
form axisymmetric structure of narrow rings when they ac-
cumulate at a pressure maximum or when being pushed
aside by a planet. Even though a dust ring could be bro-
ken into small-scale vortical concentrations when the dust
back reaction is in effect, as shown in Fig. 11(a), it may
still appear axisymmetric in observations. Therefore, some
kinematical information along a dust ring may be useful in
detecting these small-scale vortices. By contrast, a dust ring
could become broad when the dust diffusion is appreciable
(Kanagawa et al. 2018), which could serve as an additional
constraint on the strength of turbulence in observed discs
(e.g., Dullemond et al. 2018).
Last but not least, a lopsided large-scale vortex may be
unstable to dust back reaction, as shown in Sections 4.1.3
and 4.2.3. On the other hand, we demonstrate in Sec-
tion 4.2.3 a large-scale vortex may reappear after the dust
particles are depleted. Therefore, when a lopsided large-scale
vortex is detected in the gas, the dust content might be low
whether or not a lopsided concentration of dust particles
is also detected. This result may have important implica-
tions when interpreting the large-scale lopsided structure ob-
served in some nearby protoplanetary discs like those around
HD 142527 (Casassus et al. 2013) and Oph IRS 48 (van der
Marel et al. 2013).
We caution that the solid abundance Z defined in this
work (Section 2) should not be taken literally as the ra-
tio of the column densities when interpreting observations.
The dust particles sediment vertically and the dust disc can
be one or even two orders of magnitude thinner than their
gas counterpart (Dubrulle, Morfill & Sterzik 1995; Youdin &
Lithwick 2007), and the solid-to-gas density ratio  near the
mid-plane increases proportionately. The gas drag is a local
frictional force and hence the strength of the dust back reac-
tion depends locally on  instead of Z. Because our models
assume a razor-thin disc, therefore, we do not capture this
3D effect (see Kanagawa et al. 2017 and Ga´rate et al. 2019
for the case of viscous discs, however). In this regard, the
resulting dynamics in our models may be closer to that of
a correspondingly lower Z. We further discuss this caveat of
our models in Section 6.
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Figure 11. Schematic diagrams summarising the morphological signatures induced by dust back reaction in a dusty disc with an
embedded planet. We roughly define the dust particles as tightly coupled to the gas when the dimensionless stopping time τs < 0.1 while
as marginally coupled when 0.1 . τs . 1.
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6 SUMMARY AND CONCLUDING REMARKS
In this work, we use the Pencil Code and conduct a series
of local-shearing-sheet simulations for an isothermal, invis-
cid, non-self-gravitating, razor-thin protoplanetary dust-gas
disc under the influence of an embedded planet on a fixed
circular orbit. We systematically scan the parameter space
by varying the planet mass (0.1Mth ≤ Mp ≤ 1Mth), the
stopping time of the mutual drag force between each dust
particle and its surrounding gas (10−3 ≤ τs ≤ 1), and the
solid abundance (0 < Z ≤ 1). Most of the models have the
back reaction of the dust particles to the gas drag in effect,
while some models turn off the back reaction (i.e., consid-
ering the limit of Z → 0) for comparison purposes. We pay
specific attention to the morphological signatures in both
the gas and the dust components of the disc induced by the
dust back reaction, especially to the spiral structure, the gap
structure, and the vortices.
We summarise in the following as well as in Fig. 11 the
resulting major features we have observed in our models.
• The spiral structure may differ with different solid
abundance Z, depending on how tightly the dust particles
are coupled to the gas (Fig. 7; Sections 4.1.1 and 4.2.1).
When the disc consists of tightly coupled dust particles, the
higher Z, the less open the spiral arms induced by the planet
is. This behaviour can be explained by the effective speed
of sound modified by the dust back reaction in the approxi-
mation of a single dust-gas mixture (equations (7)–(9)). On
the contrary, the spiral structure is insensitive to Z when
the disc consists of marginally coupled dust particles, and
the approximation of the single dust-gas mixture appears
breaking down.
• A gap structure in the gas component of the disc driven
by a planet can become extinguished due to the dust back
reaction, especially when the disc has a significant amount
of marginally coupled dust particles (Section 4.2.2). Because
of the conservation of angular momentum, the gas radially
drifts outward when the dust particles drift inward, and the
gap structure becomes increasingly skewed with increasing
angular momentum exchange between dust and gas. The
critical point occurs where the local solid-to-gas density ra-
tio  ∼ 1 and the dimensionless stopping time τs ∼ 1. In
this case, a local pressure maximum radially outside of the
planet may not exist and hence the dust particles, irrespec-
tive of their sizes, can continue to drift past the planetary
orbit unless the planet mass is on the order of or more than a
thermal mass. In other words, dust filtration by a low-mass
(Mp < Mth) planet (Zhu et al. 2012a) could be reduced or
even eliminated by dust back reaction. We note also that this
process – which allows pebble accretion onto a proto-planet
continue to operate – may be another important factor in de-
termining the pebble isolation mass (Morbidelli & Nesvorny
2012; Lambrechts, Johansen & Morbidelli 2014; Bitsch et al.
2018).
• While the gap structure remains well defined in the case
of tightly coupled dust particles, its dimensions change with
the solid abundance Z (Section 4.1.2). Unless the planet
mass Mp & Mth, the higher Z, the faster the gap in the gas
component driven by the planet becomes deeper, which is
also consistent with a reduced speed of sound in the approxi-
mation of a single dust-gas mixture (equation (9)). However,
the gap in the dust component shows the opposite trend
when Mp & 0.3Mth because of the dust diffusion induced by
dust-gas vortices near the gap edge. On the other hand, the
width of the gap structure does not appear to be sensitive
to Z.
• The edges on both sides of the planet where the
dust particles accumulate can become unstable and result
in numerous small-scale dust-gas vortices (Sections 4.1.3
and 4.2.3). The higher the solid abundance Z, the stronger
this effect becomes. We note that the dust accumulation
near the outer edge is due to the radial drift toward a lo-
cal pressure maximum while the one near the inner edge
is due to the planetary torque. Moreover, it appears that
when the dust particles are tightly coupled to the gas, the
system tends to regulate itself such that Σp/ZΣg ' 2 at the
gap edge. When the particles are marginally coupled, on the
other hand, Σp ' 0.2Σg,0 at its peak.
• The large-scale vortices generated near the gap edges
driven by a massive planet are broken into numerous small-
scale dust-gas vortices when the dust back reaction becomes
significant (Fig. 3; Sections 4.1.3 and 4.2.3).
As final remarks, several caveats need to be discussed
here. First, our models assume the inviscid limit. The major
effect of viscosity is to spread out the gaseous component
of a disc and drive gas accretion onto the host star (Hart-
mann et al. 1998), the process of which cannot be captured
by our approach of the local-shearing-sheet approximation.
Current MHD models, however, indicate that accretion pre-
dominantly occurs near the surface of a disc (e.g., Bai &
Stone 2013; Zhu & Stone 2018), which is significantly away
from the mid-plane where most mm/cm-sized dust particles
are located. Moreover, current observations show that the
magnitude of the turbulent velocity at any given height in a
protoplanetary disc remains below a few percent of the speed
of sound, implying a low turbulent viscosity (Flaherty et al.
2017, 2018). In any case, viscosity in the context of planet-
disc interaction tends to balance the planetary torque and
hence an equilibrium gap structure in the gas component
of the disc may be established (see, e.g., Kanagawa et al.
2015).
On the other hand, there exists some general confusion
between viscosity discussed above and turbulent diffusion
of dust particles. Turbulence near the mid-plane of a disc
driven by non-ideal MHD can be highly anisotropic and the
magnitude of viscous stress can significantly differ from that
of turbulent diffusion of dust particles (Zhu, Stone & Bai
2015a; Riols & Lesur 2018; Yang et al. 2018). The dimen-
sionless diffusion coefficients for mm/cm-sized dust particles
inferred by recent ALMA observations are on the order of
αt ∼ 10−4 (Pinte et al. 2016; Dullemond et al. 2018). It is
unclear how turbulent diffusion of this magnitude influences
the results found in this work.
Second, the length scale of a morphological feature in a
disc – such as spiral arms, rings, gaps, and vortices – is in
general proportional to the speed of sound cs (Goodman &
Rafikov 2001) and hence depends on the equation of state.
Because cs ∝ √γ, where γ is the adiabatic index, the spiral
arms tend to be more open and the gaps wider and shallower
with increasing γ in comparison with models assuming an
isothermal equation of state as studied in this work (Dong
et al. 2015b). Moreover, it appears that the spiral and the
gap structures are sensitive to the cooling time-scale of the
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disc, especially when it is comparable with the orbital period
(Miranda & Rafikov 2019a,b; Zhang & Zhu 2019). It remains
to be seen whether or not the effects of dust back reaction
presented in this work can be considered independent of the
aforementioned properties.
Third, our models assume a razor-thin disc and ignore
its vertical extension. With a vertically resolved scale height
of the disc, however, the disc is subject to the streaming
instability (Youdin & Goodman 2005). The non-linear evo-
lution of the instability in full 3D (e.g., Yang & Johansen
2014) certainly interacts with all the dust-gas dynamics we
have observed in this work.
Finally, our models assume the dust component of the
disc consists of identical particles. More realistically, how-
ever, a disc should consist of dust particles of a wide range
of sizes and properties, and they indirectly interact with
each other via the dust back reaction to the gas (Nakagawa
et al. 1986; Bai & Stone 2010; Gonzalez et al. 2017; Schaffer,
Yang & Johansen 2018; Krapp et al. 2019), let alone includ-
ing the process of dust coagulation and fragmentation (see,
e.g., Birnstiel, Fang & Johansen 2016). We note that recently
Dr ↪az˙kowska et al. (2019) simulated a planet-induced gap in
a turbulent disc with a full size distribution of dust and its
coagulation, and concluded that the dust back reaction does
not play an important role. A potential reason is that the
adopted solid abundance Z = 0.01 was low and the effect of
vertical sedimentation was not considered (see the discus-
sion in the end of Section 5). On the other hand, Kanagawa
et al. (2017) and Ga´rate et al. (2019) did use a vertically in-
tegrated approach and found that the dust back reaction is
not important unless the solid abundance is relatively high
(Z & 0.03). Therefore, except for the effects of turbulent dif-
fusion of dust particles discussed above, our results using
relatively high Zs may remain consistent.
We believe the above considerations along with dust
back reaction should be some of the major topics in un-
derstanding the observations of the protoplanetary discs in
future investigations.
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